M. (2015): A test of the cosmogenic 10Be(meteoric)/9Be proxy for simultaneously determining basin-wide erosion rates, denudation rates, and the degree of weathering in the Amazon basin. 
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Be ratios increase by >30% from the Andes to the lowlands. We can calculate floodplain transfer times of 2-30 kyr from this increase. Intriguingly however, the riverine exported flux of meteoric 10 Be shows a deficit with respect to the atmospheric depositional 10 Be flux. Most likely, the actual area from which the 10 Be flux is being delivered into the mainstream is smaller than the basin-wide one. Despite this imbalance, denudation rates calculated from 10 Be/ 9 Be ratios from bed load, suspended sediment, and water samples from Amazon Rivers agree within a factor of 2 with published in situ 10 Be denudation rates. Erosion rates calculated from meteoric [ 10 Be], measured from depth-integrated suspended sediment samples, agree with denudation rates, suggesting that grain size-induced variations in [ 10 Be] are minimized when using such sampling material instead of bed load. In addition, the agreement between erosion and denudation rates implies minor chemical weathering intensity in most Amazon tributaries. Indeed, the Be-specific weathering intensity, calculated from mobilized
Introduction
In the last few decades, significant methodological advances have been made that now allow accurate quantification of erosion and weathering rates over a range of temporal and spatial scales. This progress was essential to quantify physical and chemical weathering fluxes to address problems related to soil formation, sediment production, sediment source-to-sink relationships, and continental CO 2 consumption via weathering. To maintain this progress, development of new means to quantitatively determine terrigenous fluxes at the Earth's surface is required. The isotope ratio of the cosmogenic meteoric nuclide 10 Be to its stable counterpart 9 Be is such a new method. The 10 Be(meteoric)/ 9 Be(stable) ratio allows one to simultaneously determine erosion rates, denudation rates, and the degree of weathering . We test this approach in the large Amazon basin, in which independent estimates of denudation and erosion rates are available.
Meteoric 10 Be reaches the Earth surface by dry and wet deposition and readily binds to fine-grained particles.
Its concentration in non-eroding Earth surface deposits depends on their exposure time to fallout of this nuclide, and its concentration in mobile detrital sediment depends on erosion rate. Brown [1987] was the first one to recognize this and suggested to use meteoric Be ratios in sediment and river water provide weathering and erosion rates in the Amazon • Meteoric denudation rates agree within a factor of 2 with published in situ rates • Basin-wide Be weathering intensity is approximately 40% with no floodplain weathering resolvable
Supporting Information:
• Texts S1-S6, Figures S1-S4, and Tables S1-S4 Be flux fraction, its knowledge being a prerequisite to the determination of denudation rates, can be calculated. Lastly, what is needed for the application of the framework is knowledge of the flux of meteoric 10 Be that is delivered to the Earth's surface by dry and wet deposition. In the large Amazon basin, regional inaccuracies in meteoric deposition models are most likely averaged out. We thus derive large-scale meteoric deposition rates from a combination of a model for the simulation of cosmic ray particle interactions with the Earth's atmosphere [Masarik and Beer, 1999] with the "fifth generation European Centre (ECHAM5)" general atmospheric circulation model (GCM) that is coupled to the aerosol model HAM [Heikkilä et al., 2013a [Heikkilä et al., , 2013b . Therefore, the combined system of ( 10 Be/ 9 Be) reac , [ 9 Be] parent , and [ 9 Be] min provides rates of total denudation, erosion, and degree of weathering for entire river basins when measured in river water and sediment. The dissolved component of the 10 Be/ 9 Be ratio can also be used for denudation rate estimates provided the dissolved Be equilibrates isotopically with reactive Be (and ignoring a negligible mass-dependent isotope fractionation ). We present a short summary of the mathematical framework for this method in section 1.1.
Here we test this new and promising proxy to quantify Earth surface processes in the large Amazon basin for all main tributaries (Table 1a ). There recent work has provided kiloyear (kyr) time scale denudation rates and sediment fluxes from cosmogenic 10 Be produced in situ in quartz minerals from detrital river sediment [Wittmann et al., 2011a] . Modern, gauging-derived sediment fluxes [Dunne et al., 1998; Guyot et al., 2005 Guyot et al., , 1996 Laraque et al., 2005; Martinez et al., 2009; Meade et al., 1985; Wittmann et al., 2011a] , discharge [Coe et al., 2002; Filizola et al., 2009; Guyot, 1993; Moreira-Turcq et al., 2003] , and water chemistry and pH values [Gaillardet et al., 1997; Moquet et al., 2011] are also available. In addition, the first systematic study on the geochemistry of both 9 Be and 10 Be was carried out in the Amazon basin by Brown et al. [1992] , who thoroughly investigated Be partitioning within the dissolved, leachable, and particulate pools. We perform this test in the Amazon basin with the aim (a) to evaluate the degree of 9 Be mobilization, (b) to explore whether the depositional flux of meteoric 10 Be is balanced with the sedimentary and dissolved flux out of the basin, such that the steady state of sediment transport can be evaluated, and (c) to evaluate whether the and 9 Be min , respectively. In combination with [ 10 Be] reac or [
10 Be] diss , we can derive the total denudation rate D, which is the sum of erosion (E, the rate at which solid material is removed from Earth's surface) plus weathering (W, being the dissolved component).
Steady State of 10 Be Fluxes
A requirement for using the framework presented by von Blanckenburg et al. [2012] and for calculating erosion rates using meteoric 10 Be in general is that the inputs of 10 Be into a drainage basin balance the outputs.
The basin-wide atmospheric input of 10 Be, J 10 Be atm , at/yr, reaching the basin's surface area, is 
where the right-hand term describes the basin-averaged radioactive decay of 10 Be during sediment transfer and storage with the decay constant λ (5 × 10 À7 1/yr, Chmeleff et al. [2010] and Korschinek et al. [2010] , corresponding to a half-life of 1.39 Myr) and t the average sediment storage time.
By summing up the individual subbasins i, J 10 Be riv is 10 Be or modern sediment loads from gauging (Table 1b) , Q i the basins discharge in L/yr, and t(i) the sediment storage time in each subbasin. The decay term of equations (2) and (3) becomes negligible for settings where the time scale of storage of sediment is short (e.g., such as the Andes) compared to the half-life of 10 Be. Wittmann et al. [ , 2011a Wittmann et al. [ , 2011a . Rates are basin-wide rates (no "floodplain correction" applied). d Taken from Wittmann et al. [ , 2011a . Floodplain correction removes lowland contribution to 10 Be production and thus derived rates are "sediment production rates"; i.e., they measure the source-area derived erosion.
e For original data sources, we refer to the tables of Wittmann et al. [ , 2011a discharge), and K d (L/kg) is the partition coefficient accounting for the distribution of Be between the reactive and the dissolved phases that is highly pH dependent [Aldahan et al., 1999; Brown et al., 1992] . K d can be calculated from the ratio of [Be] reac to [Be] diss or is available from the literature [e.g., You et al., 1989] . We must bear in mind, however, that a bias might be contained in equation (9) 
The second, right-hand term of equation (10) Another approach to calculate denudation rates can be used if the 9 Be fluxes are not known. Solving equation (10) in von for denudation rate D results in retentivity-corrected D_MET min/reac-full that incorporate the ratio of 9 Be min over 9 Be reac instead of using (f reac + f diss ) fluxes :
If the following condition is met,
the negative, right-hand term in equation (13) The Amazon basin has three distinct geomorphic parts ( Figure 1 ): (1) the Andean range characterized by rapid erosion on steep slopes drained by rivers having high suspended sediment loads, low organic matter contents, and pH values of 6-7 [Gaillardet et al., 1997] and (2) the slowly eroding, tectonically quiescent tropical Guyana and Brazilian Shields that feature subdued mountains covered with thick lateritic soils. Be measurements using ICP-OES, a 5% uncertainty is given that represents long-term repeatability. For 10 Be measurements, a blank ratio of 2.51 ± 1.2 × 10 À15 (n = 11) was substracted, and the error was propagated into 10 Be concentrations. All bed load 10 Be data were measured at ETH Zurich; if measured before April 2010 (using the S555 standard with a nominal value of 95.5 × 10 À12 ), concentrations were corrected for the new standard (S555N, nominal value of 87.1 × 10 À12 ) according to the new 10 Be half-life [see Kubik and Christl, 2010] . b A second sample batch with newly weighed samples was processed repeating all steps to check consistency of the extraction procedure. c Ratios were calculated using a 9 Be concentration averaged from first and second batches where possible. d Most values obtained during second batch.
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These regions are drained by rivers with high dissolved humic concentrations (causing low pH values near 4), and low suspended sediment yields [Edmond et al., 1995; Sioli, 1968] . (3) The central Amazon lowlands are characterized by seasonally inundated relatively flat floodplains. Mean water discharge, riverine pH values, and mean annual rainfall for sampled rivers and basins are given in Tables 1a and 1b. From these different climatic and geomorphic zones, we characterized the water and sediment pools of Be ( Figure 1 ). The chemical composition of river sediment differs with grain size [Bouchez et al., 2011a] . This is in particular the case for [ 10 Be] reac . Therefore, it is necessary to sample a representative range of grain sizes transported by a given river, from coarse bed load to fine suspended sediment transported near the water surface. We sampled a total of 30 coarse-grained bed load samples distributed among river basins of all three geomorphic zones ( Table 1a ) that were mainly dredged from channel bottoms. Note that the coarse fraction (>125 μm) of the same bed load samples was used by Wittmann et al. [ , 2011a for in situ 10 Be analysis whereas here we mainly used the 30-40 μm grain size fraction (Table 2 ). Further, we sampled suspended sediment depth profiles (termed DSS hereafter) in two major Andean rivers (Beni, Madre de Dios) and two depth profiles in the lower Madeira and the main Amazon at Óbidos that provide a range of grain sizes from fine particles near the channel surface to coarser particles near the channel bottom (see Table 3 for sampling depths). Water samples were taken from the main rivers draining the Andes (Beni, Madre de Dios) and the lowlands (Amazon at various places, lower Madeira) as well as from the Negro near its confluence with the Amazon, a river that drains the Guyana Shield. Detailed sampling information is given in section S1 in the supporting information. Be ratios in the Amazon basin. This ratio is sensitive to sediment storage and burial from the relative decay of in situ-produced 26 Al to the slower decaying 10 Be. The main findings of these studies were that the distinct denudation rates of a given source area (Andes versus cratonic shields) are preserved in in situ 10 Be nuclide concentrations measured in different bed load grain size fractions in downstream lowland reaches.
Summary of Previous Findings Using In
Fine sand-sized sediment (mostly 125-250 μm) preserves low Andean in situ 10 Be nuclide concentrations that are uniform from the Andean source down to Óbidos in the lowlands. These low in situ nuclide concentrations are equivalent to high Andean denudation rates of approximately 0.35 mm/yr that contribute the major portions of sediment to the lowlands. Coarse-sized sand (500 to 800 μm) preserves higher in situ 10 Be concentrations eroded from the cratonic shields that today do not contribute much sediment to the lower reaches but may have done so in, for example, Pleistocene times [Latrubesse, 2015] . Low Be ratios in Andean-derived fine-grained sandy sediment are compatible with a range from minor (<0.5 Myr) burial durations to the complete absence of burial.
If the denudation rate of the entire Amazon basin including the lowlands is to be determined, a floodplainuncorrected denudation rate, termed "D_insitu" is calculated. Such a rate is based on the assumption that the entire basin provides sediment, and hence, the in situ cosmogenic nuclide production rate is scaled, as a function of altitude and latitude, for the entire basin. If, however, the assumption is that the lowlands do not produce any additional sediment and merely serve as a transfer route of sediment-produced upstream, the in situ 10 Be cosmogenic nuclide production rate is scaled for the Andes, excluding the low-altitude floodplain portion. In that case a "floodplain-corrected" denudation rate, termed "D_insitu FP " here, can be calculated. This approach is justified if the concentrations of in situ-produced nuclides do not change in the lowlands (due to, for example, long-term storage and burial), such that they reflect those set in the eroding uplands. In this case, a mean sediment production rate of an entire mountain belt can be determined from samples collected downstream. An advantage of this large-basin approach is that it averages out the large variability present in denudation rates from small source area basins by riverine mixing . Due to the averaging time scale of the in situ method, these Andean sediment production rates are estimated at over approximately 1 to 5 kyr, depending on denudation rate [von Blanckenburg, 2005] .
The kiloyear-scale sediment budget estimated from these in situ-derived denudation rates shows that the Andes contribute most of the sediment to the Amazon mouth. As the lowland area does not contribute All uncertainties denote 1σ analytical uncertainties. For stable 9 Be measurements using ICP-OES, a 5% error is propagated into 10 Be/ 9 Be ratios. For 10 Be measurements, a blank ratio of 6.3 ± 3.8 × 10
À16
(n = 4) was subtracted, and the error was propagated into 10 Be concentrations. All suspended sediment data were measured at Cologne AMS. Sampling was carried out according to Bouchez et al. [2011a] , involving onboard separation from water phase using 0.22
These samples were also analyzed by Bouchez et al. [2010 Bouchez et al. [ , 2011a . substantial amounts of sediment, the main portion of erosion is captured when using floodplain-corrected denudation rates (D_insitu FP ). When multiplying D_insitu FP with the respective sediment-producing areas, approximately 600 Mt/yr of sediment can be calculated to reach the sea, a number that compares well to a mean of approximately 1000 Mt/yr from a modern, gauging-derived sediment budget [Wittmann et al., 2011a] . The difference between these two estimates is attributed to differences in integration time scale (kyr for in situ versus several years for gauging-derived fluxes, respectively).
Methods
Analytical Methods
Solid samples (bed load and suspended sediment from depth profiles) were weighed (Tables 2 and 3 ) and the leaching procedure of Wittmann et al. [2012] was applied under clean lab conditions (see Wittmann et al. [2012] for full procedure), yielding reactive fractions. Splits from these fractions were analyzed for stable 9 Be concentrations by Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) and cosmogenic 10 Be concentrations by Accelerator Mass Spectrometry (AMS) after spiking with a 9 Be carrier and chromatographic separation of pure Be. Water samples were separated into two samples, where one subsample was used for sector field High-Resolution Inductively Coupled Plasma-Mass Spectrometry (HR-ICP-MS) for 9 Be analysis and another was used for 10 Be analysis by AMS after spiking with a 9 Be carrier and separation of Be (Table 4) . A FeCl 3 solution was added to the AMS sample portions to coprecipitate Be with ferric hydroxide (an approach adapted from Jeandel [1993] and Frank et al. [2009] developed for ocean water). The full analytical procedures are given in sections S2 and S3 in the supporting information; we also conducted Be yield tests of the water precipitation method.
Basin-Wide Depositional 10 Be Fluxes
The ECHAM5-GCM with the HAM aerosol module [Heikkilä et al., 2013a [Heikkilä et al., , 2013b describes atmospheric transport and deposition of meteoric 10 Be averaged over three 11 year solar cycles with a spatial resolution of 2.8°by 2.8°a nd has a higher vertical resolution than the GISS-GCM [Field et al., 2006] . For an assessment of the climateinduced differences in meteoric 10 Be deposition over time, two published deposition model runs were combined [Heikkilä and von Blanckenburg, 2015] . A modern ("industrial") model run of 10 Be deposition, using present-day atmospheric conditions and aerosol loading [Heikkilä et al., 2013a] , was combined with an early Holocene ("preindustrial") model run [Heikkilä et al., 2013b] , using preindustrial aerosol and greenhouse gas conditions. For both models, the modern solar modulation constant Φ of 501.76 MV [Heikkilä et al., 2013a] was rescaled to an average Holocene Φ of 280.94 MV derived from the average common production rate [Steinhilber et al., 2012] that includes changes in Φ and geomagnetic field changes. The modern and the preindustrial model runs were combined by averaging [Heikkilä and von Blanckenburg, 2015] . The average area-weighted global Be and 10 Be concentrations for all calculations and (2) J 10Be-riv and J 10Be-riv /J 10Be-atm derived from bed load data are biased by grain size effects.
b Basin-wide meteoric 10 Be flux calculated for each basin (on SRTM-derived pixel basis) using an average of industrial and preindustrial model runs [Heikkilä et al., 2013a [Heikkilä et al., , 2013b . Uncertainty is the difference between two runs.
c Meteoric 10 Be flux calculated for Andean area of each basin (on SRTM-derived pixel basis using the area > 350 m elevation) using an average of industrial and preindustrial model runs [Heikkilä et al., 2013a [Heikkilä et al., , 2013b . Uncertainty is assumed to be similar to basin-wide flux.
d Calculated using equation (3) (Table 5) were then calculated for each subbasin from this average model using digital elevation model (DEM) software. As an uncertainty intrinsic to these two modeling approaches, we propagated the relative difference between the two model runs into all calculations (Table 5) . This difference represents the maximum possible variation within the given accuracy of known transport and deposition models and typically amounts to no more than 20% at the basin scale (see link to distribution maps of Heikkilä and von Blanckenburg [2015] , before the Acknowledgements). Figure 1 ) to 3500 × 10 4 at/g solid for the lower Madeira (Figure 2A-2 Be) ratios for bed load samples; (B-1 to B-3) same quantities for suspended sediment samples from depth profiles. Water depth is given next to samples from depth profiles for Figure 2B-1. Blue and red symbols indicate am-ox (amorphous oxide leach) and x-ox (crystalline oxide leach) extracted fractions that comprise the total reactive fraction given in black. (Table 2 ).
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Be in bed load samples (Table 2) , only 18-37% was found in the reactive 9 Be fraction. The average bed load [ 9 Be] reac for all the Andes is 360 × 10 À9 g/g (Figure 2A-1 Be) reac ratios in bed load are found in the Andes ( We find higher mean [ 9 Be] min in suspended sediments than in bed load. Indeed, X-ray diffraction detected minerals like illite that can incorporate Be, whereas bed load samples are mainly composed of quartz and feldspar (supporting information section S4). However, a characterization of reactive phases by major elemental analysis relative to total elemental concentrations ([Element X] reac / [Element X] total ) shows similar trends for bed load and suspended sediment samples (section S5 in the supporting information). This similarity implies that the contribution of the reactive phase relative to the bulk elemental budget does not depend too strongly on grain size.
For both [
10 Be] reac and [ 9 Be] reac measured along the suspended sediment depth profiles, we find a significant correlation with the Al/Si ratio ( Figure 3) . The Al/Si ratio is a substitute for grain size, with low ratios reflecting coarse, quartz-rich sediment, and higher values characteristic of finer, clay-rich sediment [Bouchez et al., 2011a] . This correlation implies a dependence of [ 10 Be] reac on particle size that was found in previous studies [Gu et al., 1996; Shen et al., 2004; Wittmann et al., 2012] and is mostly due to dilution of absolute concentrations by quartz in coarse-grained samples. In order to correct for this grain size effect, we use the observed correlation between Al/Si and [ 10 Be] reac and [ 9 Be] reac shown in Figure 3 , together with the grain size-integrated Al/Si ratios of 0.25 for the Solimõés and 0.34 for the Madeira calculated by Bouchez et al. [2011b] . These ratios were estimated by depth integration of suspended sediment chemistry along depth (Table 3 ). In Figures 4A-1 Be ratio carried by the reactive fraction of bed load and suspended sediments with that carried in dissolved form in river water. A very good correlation is observed between ( 10 Be/ 9 Be) reac from bed load samples and ( 10 Be/ 9 Be) diss ratios for the large Amazon and Madeira rivers ( Figure 5 ). Slightly more scatter is observed for smaller tributaries such as the Beni and the Madre de Dios rivers, but values agree within a factor of about 2 (grey stippled area in Figure 5 ). For the Negro River, the two independent estimates by Brown et al. [1992] and this study, respectively, do not agree but are offset in opposite directions by a factor of 1.5 and approximately 4, respectively, from the 1:1 line of equal reactive versus dissolved ratios ( Figure 5 ). Be) reac . For the Beni, this observation could be explained by the fact that bed load was sampled in a different year than suspended sediment and water (supporting information We have calculated a flux balance for 10 Be that is based on equations (1) Two different estimates of this flux balance are shown in Figure 6 . The erosion rate E i, which is the input quantifying the sedimentary flux (equation (3)) is either derived from modern sediment loads or from longer-term D_insitu FP (Table 1b) . D_insitu FP is the floodplain-corrected denudation rate [Wittmann et al., 2011a] calculated under the assumption that all sediment is eroded from the mountains and that production of further in situ cosmogenic nuclides is negligible in the floodplain. Note that when using D_insitu FP , the derived sediment fluxes provide an upper limit as they include a weathering component, because in situ denudation rates integrate over all weathering and erosion processes.
We first note that the relative exported sedimentary 10 Be flux ratio J 10 Be riv =J 10 Be atm is mostly lower than 1 ( Figure 6 ). If a deficit is present, it amounts to approximatley 20-85% of the meteoric flux deposited into the basin (Table 5 ). If we assume that this deficit does not arise from the dissolved flux, which is negligible in the mainstream due to the near-neutral pH, this deviation from the steady state case may have several causes.
1. An overestimate of F 10 Be met in equation (1) Table 5 for basinspecific F 10 Be met , a 10% uncertainty on water discharge and gauging-derived sediment flux, or the uncertainty given in Table 1b for in situ-derived D_insitu FP , respectively. Note that a difference between the in situ-versus gauging-derived J 10 Be riv is expected due to differences in integration time scale (approximately 10 yr for gauging versus several kiloyears for in situ-derived sediment fluxes; section 2.2 [Wittmann et al., 2011a] flux between modern and preindustrial deposition models [Heikkilä and von Blanckenburg, 2015] (see link to this data before the Acknowledgements). For the Amazon lowlands, the average flux and the difference, respectively, amount to approximately 1.4 ± 0.1 × 10 6 at/cm 2 /yr (Table  5) . Similarly, Willenbring and von Blanckenburg [2010] noted that in the equatorial region, the Heikkilä ECHAM5 GCM model is~20-50% higher in 10 Be flux relative to the GISS GCM used by Field et al. [2006] . These differences, however, do not explain the mismatch for all samples. 2. The missing atmospheric flux is deposited into an "inactive" area from which no sediment is exported and where all 10 Be radioactively decays with a half-life of 1.39 Myr. Therefore, this 10 Be is not contained in our sediment samples. What this means is that the total basin area A riv in equation (1) might not represent the actual area from which the 10 Be flux is being delivered into the mainstream in the reactive or the dissolved form. We can employ equation (1) Be, respectively, see Figure 6 ). When considering only the total lowland area of 4.14 × 10 6 km 2 , the corresponding active lowland area ranges from 1.5 to 2.5 × 10 6 km 2 . This is a much larger area than that of the active channel belt. Using a width of 35 km and a river length of 800 km for the Amazon at Óbidos (taken from ), the channel belt area is 0.12 × 10 6 km 2 . The estimate of the inactive area implies that between 38 and 64% of the Amazon lowland basin is not delivering 10 Be, in dissolved form or attached to sediment, into the mainstream. 3. A third possibility that differs from (2) assumes that all sediment from the lowland area is exported, but the missing 10 Be flux fraction has decayed radioactively in these lowland areas prior to export during sufficiently long storage. Granger et al. [2013] came to a similar conclusion for basins draining the coastal plains of the eastern United States. We use equation (3) to estimate this mean storage duration. We assume that only sediment stored in the lowland area (4.14 × 10 6 km 2 ) is affected by decay, such that J 10 Be riv in equation (3) as an approximated lowland nuclide concentration. For the same reason the depositional flux for the lowlands at Óbidos, J 10 Be atm-lowl , is calculated according to equation (1) . There, the same lowland A riv (4.14 × 10 6 km 2 ) and a F 22 at/yr and 1.05 × 10 22 at/yr, using gauging-and in situ-derived sediment fluxes, respectively (equation (3)), where both estimates also include an estimate of the dissolved 10 Be flux ( (insitu-DSS)" amounts to 4.7 × 10 22 at/yr. We estimate burial duration of circa 2.7 and 3.7 Myr (Figure 7 ). We note that these estimates are end-member (i.e., maximum) storage durations as they are based on the assumption that the entire lowland basin delivers sediment and 10 Be to the mainstream.
These end-member storage durations are not entirely different from the end-member burial durations detected in lowland sediment by in situ 26 Al/
10
Be ratios measured in quartz in sandy bed load (see section 2.2) [Wittmann et al., 2011b] . However, such long periods were not detected in Andean-derived mainstream bed load sediment that dominates the mainstream bed load budget. From mixing calculations between this bed load end-member comprising coarser-grained floodplain sediment, and "fresh" Andean finer-grained bed load sediment, Wittmann et al. [2011b] estimated that a maximum of between 40% and 60% is presently admixed to nonburied fresh sediment in the central Amazon lowlands. It is, however, not clear whether these high fractions of admixing (derived from bed load samples) are also valid for meteoric cosmogenic nuclides measured from suspended sediment, given that both grain sizes are transported differently (i.e., channel bed load versus wash load also experiencing overbank deposition). Taking both systems into account, the most likely explanation for the flux deficit in meteoric 10 Be is a combination of possibilities (2) and (3), such that at the fringes of the inactive areas, where 10 Be has decayed, some sediment is reactivated and reaches the mainstream, whereas the largest fraction of the 10 Be deficit is generated in approximately 40% to 60% of areas that are fully inactive over long durations, and from which the sediment never reaches the mainstream.
Inferring Geomorphic Formation Regimes From
10 Be/ 9 Be in the Am-ox and X-ox Phases
Extracted am-ox and x-ox fractions of 10 Be, which together yield the total reactive 10 Be of the DSS data set, change in proportion from the Andes to the lowlands (section 4.2 and Figure 2 Be] reac in contrast experiences a minor decrease along the basin and no shift in proportions between amorphous and crystalline phases is observed ( Figure 2B-1) . The resulting increase in ( 10 Be/ 9 Be) reac from the Andes to the lowlands is thus mostly accommodated by ( 10 Be/ 9 Be) am-ox . We attribute this increase to exchange processes with the dissolved phase. Amorphous to poorly crystalline Mn-Fe-(hydr-)oxides like, for example, ferrihydrite, exchange more readily with the dissolved phase than more crystalline materials due to their large reactive surface area [Schwertmann et al., 1999; Waychunas et al., 2005] . Thus, we infer that the increase in ( 10 Be/ Tables 3 and 4 ).
The evolution of the x-ox phase is more complex, as it may evolve from amorphous precursor phases that age to crystalline solids [Schwertmann et al., 1999] . ( 10 Be/ 9 Be) x-ox thus likely reflect the composition of a dissolved phase at a time when the amorphous precursor phases formed. The transformation to stable crystalline Mn-Fe oxides that do not exchange with dissolved, floodplain-derived 10 Be, however, most likely occurred before entering the Amazon lowlands, as ( 10 Be/ 9 Be) x-ox are uniform from the Andes to the Amazon lowlands. We see evidence for such behavior in the comparison of dissolved 10 Be/ Be, respectively ( Figure 5 ).
Increase in Meteoric-10 Be Concentrations in Lowland Basins During Sediment Transfer
We observe an increase in [ 10 Be] reac across the lowland basin ( Figure 2B -2) by a factor of 2-3 in bed load (e.g.
for the upper and lower Solimõés reach, respectively, characterized by samples Pe 101 and Man 2.4) and by a factor of approximately 1.5 (approximately 1 × 10 7 at/g, see section 5.1) in the DSS-[ 10 Be] reac . Note that since this increase is observed for the Solimõés reach where no sediment from cratonic shield is yet added, the increase in 10 Be concentration cannot be due to addition of shield sediment high in nuclide concentration.
We can use the increase in has not been predicted for meteoric 10 Be in the floodplain model of Lauer and Willenbring [2010] . We attribute this discrepancy to the small length scale of their local river model, whereas the model evaluating floodplain effects in a larger range of rivers by did not include an analysis of meteoric 10 Be.
Note that for in situ cosmogenic nuclides, an increase in 10 Be concentration across the lowlands is neither observed [Wittmann et al., 2011a] nor predicted [Lauer and Willenbring, 2010; . This is so for two reasons. (1) The production rates of in situ cosmogenic nuclides are lower in the lowlands than in the sedimentproducing highlands. Thus, the relative increase in in situ concentration across the lowlands is lower. In contrast, meteoric 10 Be depositional fluxes are not altitude dependent below 3 km [Willenbring and von Blanckenburg, 2010] . (2) Meteoric 10 Be accumulation will mostly proceed in the upper, unburied part of a deposit that is rich in clay formed by overbank deposits. In contrast, the sandy fraction used for in situ nuclides might get shielded by these deposits, thus receiving reduced irradiation as shown by in situ , produced while the sediment is exposed to continuous atmospheric deposition
Be met , is given by
where t is in this case the sediment transfer time and the right-hand term in equation (16) Be added to the floodplain sediment is contained within this depth, Table 3 ).
The predicted 10 Be inventory was calculated using equation (16) and converted into [ Be that mostly binds to fine-grained clay particles, the main portion may be found in the topmost meter of floodplain sediment, as this layer is deposited during overbank spill. As a sensitivity analysis, we use equation (16) with z = 20 m, for coarse, sandy bed load sediment mainly carrying in situ 10 Be at the bottom of the main channel . For the case of very shallow floodplain remobilization (z = 1 m), characteristic for a topmost clay layer ladden with meteoric 10 Be that is deposited during overbank spill, a sediment transfer time in the floodplain of only circa 1.6 kyr is predicted to cause the additional accumulation of meteoric a For DSS data, we used depth-integrated 9 Be and 10 Be concentrations for all calculations. All italic erosion rates from bed load samples might be biased due to grain size effects (see text). All uncertainties are "external" (including the uncertainty on F 10Bemet given in Table 5 ).
b Corrected K D values are derived using linear range of You et al.'s data set (see supporting information section S6), by manually reading the new values from the regression line at the corresponding average pH.
c Erosion rates calculated using equation (10) (including the q/K d term). Uncertainty contains 1σ analytical uncertainties, the uncertainty on F 10Bemet , and a 10% uncertainty on Q. Where no E is given, K d could not be estimated.
d Erosion rates calculated using equation (11) cations during high degrees of weathering [Johnsson et al., 1991] . Therefore, we conclude that estimates of (f reac + f diss ) based on bed load data are too low and are unlikely to represent a reliable weathering proxy in settings where the majority of sediment flux is derived from suspended sediment transport. Our subsequent analyses rely on depth-integrated data to calculate (f reac + f diss ) ( Table 6 ).
For the Beni and Madre de Dios, DSSderived (f reac + f diss ) min/reac is 0.44 ± 0.03, and very similar values of 0.43 ± 0.10 are derived from (f reac + f diss ) fluxes . For samples Obi and Mad in the lowlands, DSSderived (f reac + f diss ) min/reac is 0.41 ± 0.03, and a similar value of 0.43 ± 0.10 for (f reac + f diss ) fluxes is derived. Thus, the (f reac + f diss ) does not differ between the Andes and the lowlands when using depth-integrated suspended sediment samples for calculation of (f reac + f diss ).
This observation is, to a first order, consistent with invariant [ reac along the transport from the Andes to the lowlands. Our results thus indicate that 9 Be is mainly weathered from bedrock in the source area and that (f reac + f diss ) does not depend on the prevailing D. Along the lowland reach from the Andean foothills to the central lowlands, deposited sediments are already preweathered and potentially depleted of their 9 Be. This conclusion is in line with Bouchez et al. [2012 Bouchez et al. [ , 2014 who found only minor increases in weathering during transfer of sediment through the floodplains.
A model for using 10 Be/ 9 Be dissolved in seawater and in authigenic marine sediment (reflecting paleoseawater) has been developed to quantify sedimentary and dissolved trace metal input into the oceans . The independence of (f reac + f diss ) on the prevailing D fulfills the requirement for paleoseawater 10 Be/ 9 Be to reflect paleo-D over Myr time scales . Meteoric denudation rates corrected for retentivity issues (D_MET min/reac-full , equation (13)) versus simplified meteoric denudation rates (D_MET min/reac ′, equation (15)) agree well for all geomorphic regions of the Amazon basin, except for the Negro, where ignoring retentivity leads to a bias in D of approximately 50% (Table 7 and supporting information section S6). These D_MET min/reac-full and D_MET min/reac ′, respectively, are based on the [ (13) and (15)). This means that the resulting denudation rates might be biased by grain size effects. However, comparison with D_MET fluxes (Table 7) , calculated according to equation (12) (10) and (11) and Table 7 ) agree well but are systematically higher than denudation rates D_MET min/reac ′ (equation (15)) when using bed load data. However, when using depth-integrated DSS data (Figure 10 ), the two fluxes agree. Note that when using Brown et al. [1992] data set on surface suspended sediment in the Orinoco (supporting information section S7), a similar agreement between E and D is observed. However, an erosion rate E cannot be higher than a denudation rate D. Hence, an obvious bias of E from bed load samples exists that is due to grain size effects resulting in an overestimation of E as [ (11)), versus simplified denudation rates D_MET min/reac ′ (mm/yr) (equation (15) Be is partly portioned into emerald (a form of beryl) deposits. If this Be silicate resists weathering and is instead enriched in placer deposits [Barton and Young, 2002] , then the remaining weatherable silicates contain much lower [ 9 Be] parent .
We are unable to definitely exclude any of these explanations. However, we regard both D and E determined from DSS samples to be most reliable due to their presumably representative [Be] reac . If so, the agreement between D and E confirms the low degree of weathering and the low weathering rates in the lowlands of the Amazon basin (section 6.1). We proceed with a comparison to in situ-derived denudation rates, which provide an independent estimate of D in the Amazon basin.
Comparison of Meteoric-Derived With In Situ-Derived Denudation Rates
We can compare our D_MET min/reac ′ to two denudation rate estimates available from in situ 10 Be [Wittmann et al., , 2011a . The first estimate differs from the second by application of the floodplain correction. Be (Wittmann et al. [ , 2011a ; Table 1b ), all uncorrected for floodplain area effect. (b) Floodplain-corrected denudation rates D_MET min/reac'FP (mm/yr) (from equation (15) (Table 7) , and we included here the uncertainty given in Table 5 for F 10 met Be , such that uncertainties are external ones that should be used when comparing different methods. For D_insitu and D_insitu FP , we used the uncertainties given in Table 1b .
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Floodplain-uncorrected denudation rates comprise basin-wide rates (D_insitu), and floodplain-corrected denudation rates integrate over the sediment source area only (D_insitu FP ) (see section 2.2 for a detailed explanation). In order to compare both methods, we evaluate either floodplain-corrected or floodplainuncorrected D in Figure 11 .
A floodplain correction of D_MET min/reac ′, resulting in D_MET min/reac'FP , was carried out for lowland samples based on equation (15), but using a F 10 Be met of each sample's specific sediment source area only (Table 5) Table 7) , and the mean floodplaincorrected D_MET min/reac'FP for the same sample suit is 0.63 mm/yr, respectively. For DSS-samples, the mean floodplain-uncorrected D_MET min/reac' of the Madeira and Óbidos profiles is 0.20 mm/yr, whereas the mean floodplain-corrected D_MET min/reac'FP for Mad-DSS and Obi-DSS is 0.40 mm/yr. Considering the entire data set, we find that with a few exceptions, rates agree within a factor of 2 (Figure 11) , and DSS-derived meteoric denudation rates agree even better, showing that these samples most likely best represent the overall erosion.
As initial explanations for D_MET min/reac ′ exceeding D_insitu, we offer those that have been already explored in section 5.1 to explain the deficit in exported 10 Be met flux: an overestimate of F 10 Be met or a deficit in 10 Be from radioactive decay during storage. However, the differences in denudation rate between the two methods might also be real. They can result from the following:
1. Potentially different integration times between the two methods. The integration time calculated from in situ 10 Be is a function of the denudation rate itself, i.e., the time required to erode a layer of thickness z*, where z* is the adsorption depth scale for in situ cosmogenic nuclides that is 60 cm in rocks or approximately 100 cm in soils [von Blanckenburg, 2005] . For meteoric 10 Be, the adsorption coefficient k, 1/cm, describing the decrease of meteoric nuclide concentration with depth [Willenbring and von Blanckenburg, 2010] is unknown, and 10 Be penetration depth varies strongly in soil [Graly et al., 2010] . However, we can assume that the meteoric 10 Be penetration depth corresponds to the thickness of Andean soils, which are relatively thin (the mean Andean soil depth is most likely thinner than 100-200 cm [Haase, 1992] ), owing to fast erosion. In shale rocks that are widely distributed in the Andes, for example, meteoric 10 Be penetrates only approximately 1 m [West et al., 2013] . Dividing the soil depth by an Andean denudation rate of approximately 0.4 mm/yr [Wittmann et al., , 2011a , we calculate an integration time scale of 2.5 to 5 kyr for both methods. Thus, using this crude approach, the integration times for both methods are very similar, and we exclude them as a cause for the discrepancy. Foster et al. [2015] recently demonstrated similar integration time scales for both methods for an intensively investigated watershed in Colorado. Note, however, that this explanation most likely is only valid in Andean settings, whereas in lowland soils, k is completely unknown and meteoric 10 Be could potentially penetrate much deeper. 2. A lithologic control on D. The control of lithology on D might be exerted by two interlinked processes:
(1) erodibility of the bedrock and (2) preferential fluvial transport. Regarding the first possibility, grain sizes sampled for meteoric denudation rates might be mainly derived from more rapidly eroding shale-rich lithologies, whereas quartz-rich bedrock types (e.g., granitoid) supply sand-sized quartz at lower denudation rates, due to their overall lower erodibility [Kühni and Pfiffner, 2001] . Second, these different lithologies might exhibit different modes of transport in large rivers. Based on Li isotope data, Dellinger et al. [2014] suggested that lithologies generating fine-grained sediments (e.g., shales) are overrepresented in suspended sediments, whereas grains derived from igneous rocks are mainly incorporated into coarse sediments (e.g., bed load). Indeed, fine-grained clastic sedimentary lithologies cover a substantial fraction of the Amazon basin [Gaillardet et al., 1999; Dellinger et al., 2014] . Hence, if this lithological bias exists, it may actually result in differing denudation rates for the two methods.
Conclusions
The new erosion and weathering proxy making use of ratios of meteoric 10 Be to stable 9 Be provides denudation rates and weathering intensities that are in good agreement with independent measures of Earth surface change. The most important findings are the following: Be in crystalline oxides displays a memory from the weathering zone in the source area. Different oxide fractions therefore disclose the weathering processes in the mountains versus the exchange processes in the floodplain. Be) reac ) from the Andes to the lowlands is a feature not observed for published in situ 10 Be concentrations that are uniform across the same distance as measured on fine-grained sandy bed load. One difference between the two methods is atmospheric scaling that is, for in situ-nuclide production, reduced significantly from mountainous to low-elevation floodplain areas. The meteoric 10 Be flux, however, does not differ much across altitude; therefore, the source-area derived meteoric signal is more readily increased by meteoric depositional flux during surficial floodplain transfer. 6. A steady state 10 Be flux balance is not necessarily fulfilled in the Amazon basin: at the outlet of the basin, the exported 10 Be flux derived from suspended sediment or in situ 10 Be-derived sedimentary load concentrations is approximately 15-80% lower than the depositional flux. This mismatch may simply be due to overestimating the Holocene-averaged atmospheric 10 Be flux, estimated here from the atmospheric cosmogenic nuclide production functions combined with a global circulation model [Heikkilä et al., 2013a [Heikkilä et al., , 2013b . However, other geological explanations for the flux deficit can be invoked that account for sediment transport and deposition processes typical for large lowland basins. For example, not all 10 Be deposited over the basin may be delivered into the mainstream. Using the deficit we infer that an area comprising 40 to 60% of the basin is inactive, meaning that this area does not exchange its sediment with the main channel. A second possibility is that even if all sediment exchanges with the main channel, some of it may have been stored previously for approximately 3 to 4 Myr during which meteoric 10 Be has decayed. Our primary findings regarding weathering, erosion, and denudation rates determined from the von Blanckenburg et al. [2012] framework are summarized below. Bearing in mind that the steady state assumption for meteoric 10 Be flux might not be satisfied, our analysis emphasizes comparison of calculated erosion rates E (using meteoric [ 10 Be] reac ) and denudation rates D (from ( 10 Be/ 9 Be) reac and ( 10 Be/ 9 Be) diss ) with published in situ values. Using a 9 Be mass balance, we can explore relative degrees of weathering from flux fractions of reactive and dissolved 9 Be released during weathering.
7. The mobile fraction of 9 Be released during weathering of rock to soil amounts to roughly 40%. This value is invariant from the Andes across the lowlands to the mouth of the Amazon, indicating the absence of weathering of Be-containing minerals in the Amazon floodplain over the timescale and within the uncertainty of the method. 8. Erosion rates from [ Be) reac . The published contribution of weathering to total denudation in the Amazon basin is low at <20% (explained by the prevalence of clastic sedimentary lithologies), such that E may indeed roughly equal D in the Amazon basin. 9. Denudation rates from meteoric 10 Be/ 9 Be ratios measured from bed load, suspended sediment, and water samples from Amazon rivers are systematically higher but agree within a factor of approximately 2 or better, with published values of D from in situ cosmogenic nuclides in quartz. This overall agreement shows that by using the ( 10 Be/ 9 Be) reac ratio, grain size bias introduced by particle sorting is removed. Be) reac slightly exceed those from 10 Be produced in situ in river quartz. The only possible methodological explanation is an overestimate in atmospheric flux, as all other methodsrelated possibilities ( 9 Be parent > 2.5 × 10 À6 g/g, underestimation of (f reac + f diss ) due to particle sorting) would further increase the difference. However, as we have no unambiguous evidence for an overestimate in the atmospheric flux, we favor a geological explanation: by sampling fine-grained material for meteoric 10 Be, possibly more rapidly eroding lithologies such as shales are integrated.
Sand-sized quartz in contrast may average over more resistant granitoid lithologies, leading to lower values of D.
The overall consistency within a factor of 2 or better between meteoric and published in situ denudation rates is encouraging for further work. The much smaller sample amounts required, the weathering information carried by the 9 Be-bearing fractions, and the applicability to a large range of lithologies, grain sizes, and sedimentary records extends the range of potential application settings considerably over those presently provided by in situ-derived denudation rates measured in quartz. 
